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Abstract
Study Design: Controlled laboratory cross-sectional study.
Background: Hip abductor muscle weakness is associated with various lower extremity injuries. Side-lying hip abduction exercises to strengthen the 
hip abductor muscles is frequently used in rehabilitation and injury prevention programs without scientific evidence regarding their ability to activate 
the targeted muscles. In addition, previous studies have not quantified the activity of hip abductor muscles during side-lying hip abduction exercises 
in different directions.
Objectives: To measure the T2 values of hip abductor muscles during side-lying hip abduction exercises in different directions using magnetic resonance 
imaging and to clarify variations in the activity of each segment of the gluteus medius, upper fiber of the gluteus maximus, gluteus minimus, and tensor 
fasciae latae.
Methods: The T2 values measured using magnetic resonance imaging were used to quantify the activity level of the hip abductor muscles in 10 healthy 
young males during side-lying hip abduction with different directions (neutral hip, internal rotation and flexion, external rotation, and extension). The 
two-way repeated measures analysis of variance analysis was used to determine differences between the groups over time.
Results: The T2 values of all muscles, excluding the upper fiber of the gluteus maximus, significantly increased after exercise with all motor tasks over 
time. The anterior segment of the gluteus medius was significantly increased with side-lying abduction with internal rotation and flexion compared 
to that with side-lying abduction with external rotation and extension. In contrast, the posterior segments of the gluteus medius and upper fiber of the 
gluteus maximus were significantly increased with side-lying abduction with external rotation and extension compared to that during other tasks.
Conclusions: The results suggest that side-lying hip abduction exercise with different directions influences the difference in muscle activity between hip 
abductor muscles and reflects differences in the function of the hip abductor muscles.
Keywords: Hip Abductor Muscles, Transverse Relaxation Times, Muscle Activity, Side-Lying Hip Abduction, Magnetic Resonance Imaging 
Introduction
The hip abductor muscles play an important role in maintaining 
normal movement patterns of the pelvis and lower extremities. They 
are considered one of the primary stabilizers in the pelvic region [1]. 
These muscles build a powerful triangular ensemble spanning between 
the anterior superior iliac spine, the posterior superior iliac spine, and 
the greater trochanter region of the femur [2]. Hip abductor muscle 
weakness has been associated with several lower extremity injuries, 
including patellofemoral pain syndrome [3–6], iliotibial band friction 
syndrome [7], anterior cruciate ligament sprains [8–10], and chronic 
ankle instability [11]. Weakness of the gluteus medius and maximus 
may contribute to lower extremity injury by influencing joint-loading 
patterns and lower extremity control [4,12,13]. As the hip abductor 
muscles resist possible injurious motions, such as dynamic knee 
valgus resulting from excessive hip adduction and internal rotation, 
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improvement of hip abductor muscle strength and activation may be 
a critical aspect of rehabilitation and injury prevention programs [14].
Although hip abductor muscles at the anatomic site have not been 
defined completely, several studies have reported that the varying 
anatomic structures of the hip abductor muscle fibers translate to 
differences in function [7,15–20]. Many reports about rehabilitation 
programs for the hip abductor muscles based on the presence of the 
functional subdivisions are available. 
Electromyography (EMG) is one of the most reliable ways to 
evaluate skeletal muscle activity. Recent studies have sought to 
determine which exercises are the best to activate the hip abductor 
muscles, consisting of the Gluteus Medius (GMED), Gluteus Minimus 
(GMIN), Tensor Fasciae Latae (TFL), and Gluteus Maximus [21–28]. 
Distefano et al. reported that gluteus medius activity is significantly 
greater during side-lying hip abduction compared with that during 
other exercises such as clam exercises, lunges, and hop exercises 
[29]. Side-lying abduction exercise is frequently used clinically 
in rehabilitation sessions because it can be performed early in a 
rehabilitation program to generate proper neuromuscular control 
and strength since it is less demanding than an open kinematic 
chain exercise [29]. While EMG is a valuable instrument, significant 
limitations also exist in its use as an indicator of muscle function. 
EMG recorded from surface electrodes may be contaminated by 
crosstalk from the surrounding muscles [30, 31]. EMG signal detected 
using fine-wire electrodes is specific to the target/sampled muscle, 
and the normalized intramuscular signal is representative of the entire 
muscles [32]. However, this method for measuring muscle activation 
is invasive. 
Muscle Functional Magnetic Resonance Imaging (mfMRI) can 
quantify all muscle activities within the imaging range by exploiting the 
process by which exercise induces signal changes that result primarily 
from increases in the transverse relaxation time (T2) of water in the 
tissues. T2 changes measured with mfMRI have high validity[33, 
34] and reliability.[35, 36] Therefore, because the prolongation in T2 
relaxation time could easily be used as a noninvasive, quantitative 
measurement for muscle activity of the deep muscles, this technique is 
an excellent tool for assessing the extent of muscle activation following 
the performance of a task [37].
Kumagai et al [38] investigated the activity of the GMIN and that 
of the deep and superficial layers of the GMED. They demonstrated 
using the T2 values that the activity levels of these differing portions 
of the abductor muscles are influenced by the degree of hip abduction 
angle during isometric hip abduction exercise. Recently, Mitomo 
et al. reported that side-lying hip abduction exercise immediately 
increases the rate change in the T2 value of the TFL, GMIN, and the 
anterior and middle segments of the GMED but delays the activation 
of the upper fiber of the Gluteus Maximus (UGM) and posterior 
segment of the GMED [39]. These reports demonstrated that the 
activity levels of the muscles with hip abduction action were not 
homogeneous, and a functional difference existed between the hip 
abductor muscles. However, the exact role of functional subdivisions 
of hip abductor muscle remains poorly understood. Isotonic exercise 
strengthens the muscle involved in joint movement and can be 
effective in strengthening muscles at various angles, which are often 
used in clinical practice. Although many studies on changes in hip 
abductor activity during isometric side-lying hip abduction exercise 
have been reported, there has been no study on the muscle activity of 
the hip abductor during isotonic side-lying hip abduction exercise in 
different directions using the T2 values. Therefore, this study aimed to 
measure the T2 values of the hip abductor muscles after side-lying hip 
abduction exercise with different directions over time and to clarify 
variations in the activity of the hip abductor muscles. 
Methods & Materials
Subjects
Ten young healthy males with a mean age of 26.1 (range 24−32) 
years, a mean (SD) height of 1.72 (0.04) m, and a mean weight of 
63.3 (8.1) kg participated in the study. Subjects were excluded if 
they reported any musculoskeletal disorders of the trunk or lower 
extremities or any neurological conditions. Written informed consent 
was obtained from all subjects after the aims of the study and its 
protocol had been explained to them in detail. The study protocol 
was reviewed and approved by the Ethics Committee of Tokyo 
Metropolitan University. 
Acquisition of Magnetic Resonance Images
A 3.0-T MRI system (Achieva 3.0T; Philips, Tokyo, Japan) was 
used for all patients. T2 mapping was performed in addition to routine 
T2-weighted imaging. T2 measurement with single-slice acquisition 
was performed on the upper part of the acetabulum using a turbo 
spin echo sequence. The turbo spin echo scanning parameters were 
as follows: 6 echo times of 13–78 ms; repetition time, 4200 ms; field of 
view, 350 × 350 mm; matrix size, 269 × 269; slice thickness, 5.0 mm; 
and number of slices, 7. 
T2 Measurement
The images were processed using a DICOM viewer (OsiriX 
Lite, Pixmeo Sàrl, Geneva, Switzerland) to determine the relaxation 
times. A water capsule was placed along each segment of the GMED 
to distinguish each type of fiber. The T2 values were measured for 
the TFL; GMIN; anterior, middle, and posterior segments of the 
GMED; and UGM. Four regions of interest (ROIs), each located in 
the TFL and GMIN and anterior, middle, and posterior segments 
of the GMED, were determined to investigate the changes in signal 
intensity. For the UGM, five ROIs were identified to assess the changes 
in signal intensity. The ROIs were manually selected using a computer 
mouse, after which the mean of the T2 values between the pixels of 
the ROI was automatically calculated using the OsiriX Lite software 
(Figure 1). Care was taken to exclude subcutaneous and intramuscular 
fat, aponeuroses, and vessels from the selected regions. The T2 values 
for each muscle were taken as the mean value of T2 for the selected 
ROIs, and the workload for each muscle was expressed as a T2 value 
in milliseconds.
 Exercise Protocol 
The subjects performed 5 sets of 40 repetitions of a hip abduction 
exercise at 30% maximum voluntary contraction with the right leg 
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during each task. Isometric maximum voluntary contraction of each 
task was measured, from which we calculated the 30% maximum 
voluntary contraction of each task. The pelvis was fixed with a belt to 
avoid compensatory movements as much as possible. MRI scans were 
performed before exercise, at intervals during exercise, and at the end 
of the exercise. The exercise was performed inside the magnet bore of 
the MRI scanner, and the subjects were then immediately moved into 
the magnet for imaging.
Figure 1. T2 measurement of hip abductor muscles on T2 calculated map. GMED, 
gluteus medius; GMIN, gluteus minimus; TFL, tensor fascia latae; UGM, upper fiber of 
the gluteus maximus.
Task 1: Side-lying hip abduction with neutral hip (Figure 2A)
Subjects lay on their sides with the upper trunk and pelvis aligned 
in a straight line on the treatment table. The bottom side of the hip 
joint was flexed at 45°, and the knee joints were flexed at 90° for 
stabilization. A plastic target bar was placed at 20° of the hip abduction 
range of motion. The movement direction was indicated using a plastic 
plate, which was placed vertical to the floor. The subjects abducted the 
hip joint along the plate. In each subject, the hip was abducted 20° over 
1 s and then returned to its initial position over 1 s. No rest periods 
were allowed during exercise. The subjects were cued to point their 
toes forward by abduction from the hip as much as they could without 
rotating their pelvis forward or backward.
Task 2: Side-lying hip abduction with internal rotation and flexion 
(Figure 2B)
Subjects performed this task in the same manner as in side-lying 
abduction with neutral hip, excluding the hip internal rotation and 
flexion. The movement direction was indicated using a plastic plate. 
The plastic plate was placed to tilt 30° forward from the vertical plane 
on the floor. Subjects performed side-lying hip abduction exercise up 
to abduction 20° in a forward direction of 30° with internal rotation 
along the plate to avoid pressing the plate as much as possible. The 
subjects were cued to point their toes toward the floor by rotating 
from the hip as much as they could, without rotating their pelvis 
forward or backward.
Figure 2. Subject performing the exercise task.
A: Side-lying hip abduction with neutral hip.
B: Side-lying hip abduction with internal rotation and flexion.
C: Side-lying hip abduction with external rotation and extension.
Task 3: Side-lying hip abduction with external rotation and 
extension (Figure 2C)
Subjects performed this task in the same manner as in side-lying 
abduction with neutral hip, excluding the hip external rotation and 
flexion. The movement direction was indicated using a plastic plate. 
The plastic plate was placed to tilt 10° backward from the vertical 
plane on the floor. The subjects performed side-lying hip abduction 
exercise up to 20° abduction in a backward direction of 10° with 
external rotation along the plate to avoid pressing the plate as much as 
possible. The subjects were cued to point their toes toward the ceiling 
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by rotating from the hip as much as they could, without rotating their 
pelvis forward or backward.
Statistical Analysis
For each muscle, we used the two-way repeated measures analysis 
of variance (ANOVA) with the main effect being task (task 1, task 2, 
and task 3) and exercise set (pre-exercise, 1, 2, 3, 4, and 5 sets). All data 
were analyzed at an alpha level of .05. Significant differences from the 
ANOVA were further examined using Bonferroni post hoc analysis, 
with the alpha level corrected for multiple comparisons of less than 
.05. All statistical analyses were performed using SPSS version 22 
(IBM Corporation, Armonk, NY), and outcome data were presented 
as mean (range) or mean (SD).
Results
No significant exercise task-by-exercise set interactions were 
found for the T2 values of the TFL, GMIN, and middle segment of the 
GMED (Table 1). However, there were main effects in these muscles 
for the exercise set (Table 1). Bonferroni post hoc analysis comparing 
the exercise set revealed that the T2 values of these muscles had a 
significant increase after exercise (Table 2, 3, 5). 
Table 1. Two-way repeated measures analysis of variance for comparisons between the exercise task and exercise set.
TFL GMIN GMED (anterior) GMED (middle) GMED (posterior) UGM
F values P values F values P values F values P values F values P values F values P values F values P values
Task 0.731 0.495 1.127 0.346 3.624 0.048 2.386 0.120 15.074 0.000 7.650 0.000
Exercise set 27.678 0.000 118.849 0.000 92.689 0.000 44.310 0.000 38.312 0.000 9.465 .0.002
Task×exercise set 0.671 0.749 0.606 0.805 2.031 0.039 0.735 0.690 4.228 0.000 2.972 0.003
TFL, tensor fasciae latae; GMIN, gluteus minimus; GMED, gluteus medius; UGM, upper fiber of the gluteus maximus
Table 2. Comparison of the T2 values of the TFL (mean (SD), ms) according to exercise task and exercise set
Pre-exercise 1 set 2 sets 3 sets 4 sets 5 sets Multiple comparisons
(exercise set)
Task 1 31.8 (0.8) 35.3 (2.4) 36.7 (3.0) 38.8 (3.1) 38.9 (3.0) 39.1 (2.9) Pre-exercise<1, 2, 3, 4, 5 sets*
1 set<3, 4, 5 sets†
2 sets<3, 4, 5 sets‡Task 2 32.1 (0.9) 36.2 (3.8) 37.5 (4.7) 39.0 (5.5) 38.9 (5.1) 38.6 (4.7)
Task 3 32.0 (1.3) 36.8 (3.5) 38.3 (4.4) 39.2 (5.1) 39.6 (4.6) 39.6 (4.0)
Multiple comparisons (exercise set): the result of comparing the T2 values of each exercise set during all exercise tasks using Bonferroni post hoc analysis.
*p=0.017, 0.019, 0.008, 0.004, 0.003, respectively; †p=0.013, 0.006, 0.001, respectively; ‡p=0.001, 0.006, 0.002, respectively
Table 3. Comparison of the T2 values of the GMIN (mean (SD), ms) according to exercise task and exercise set
Pre-exercise 1 set 2 sets 3 sets 4 sets 5 sets Multiple comparisons (exercise set)
Task 1 35.2 (1.6) 40.2 (1.6) 41.4 (1.5) 42.7 (2.2) 41.7 (1.6) 40.6 (1.3) Pre-exercise<1, 2, 3, 4, 5 sets* 
1 set<2, 3 sets†
4 sets>5 sets‡Task 2 35.5 (1.6) 41.0 (2.0) 42.4 (2.1) 42.7 (2.0) 42.5 (2.4) 41.1 (2.4)
Task 3 35.3 (1.3) 41.1 (1.7) 41.5 (2.6) 41.9 (1.7) 41.8 (1.2) 41.1 (1.4)
Multiple comparisons (exercise set): the result of comparing the T2 values of each exercise set during all exercise tasks using Bonferroni post hoc analysis
*p=0.000, for all sets; †p=0.009, 0.001, respectively; ‡p=0.001
Table 4. Comparison of the T2 values of the anterior segment of the GMED (mean (SD), ms) according to exercise task and exercise set
Pre-exercise 1 set 2 sets 3 sets 4 sets 5 sets Multiple comparison
(exercise set)
Task 1 34.7 (1.1) 39.8 (2.1) 40.4 (2.3) 40.7 (2.0) 40.2 (1.8) 40.1 (1.9) Pre-exercise<1, 2, 3, 4, 5 sets*
Task 2 35.0 (1.5) 39.8 (2.2) 41.6 (2.8) 42.2 (3.3) 41.7 (2.7) 40.9 (3.0) Pre-exercise<1, 2, 3, 4, 5 sets†
1 set < 2 set‡
Task 3 34.6 (1.1) 39.5 (2.6) 39.9 (3.2) 40.0 (2.6) 39.8(2.0) 39.1 (2.0) Pre-exercise<1, 2, 3, 4, 5 sets§
Multiple comparisons
(exercise task)
n.s. n.s. n.s. n.s. Task 2> Task 
3**
Tasks 2 > Task 
3††
Multiple comparisons (exercise set): the result of comparing the T2 values of each exercise set at each exercise task using Bonferroni post hoc analysis. 
Multiple comparisons (exercise task): the result of comparing the T2 values of each exercise task at each exercise set using Bonferroni post hoc analysis
*p=0.000, for all sets; †p=0.000, for all sets; ‡p=0.000; §p=0.001, 0.003, 0.000, 0.000, 0.000, respectively; **p=0.046; ††p=0.041
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Table 5. Comparison of the T2 values of the middle segment of the GMED (mean (SD), ms) according to exercise task and exercise set.
Pre-exercise 1 set 2 sets 3 sets 4 sets 5 sets Multiple comparisons (exercise 
set)
Task 1 35.0 (1.4) 38.6(2.7) 39.0 (2.0) 40.0 (2.1) 39.6 (2.0) 39.7 (2.0) Pre-exercise<1, 2, 3, 4, 5 sets*
Task 2 35.8 (1.7) 39.0 (1.7) 40.1 (3.1) 40.7 (4.0) 40.8 (3.3) 40.3 (3.5)
Task 3 34.8 (1.7) 38.7 (3.3) 38.6 (2.9) 39.0 (2.7) 38.9 (2.2) 39.2 (2.1)
Multiple comparisons (exercise set): the result of comparing the T2 values of each exercise set during all exercise tasks using Bonferroni post hoc analysis
* p=0.000, for all sets
In contrast, a significant exercise task-by-exercise set interaction 
was found for the T2 values of the anterior and posterior segments of 
the GMED and UGM (Table 1).
For the anterior segment of the GMED, Bonferroni post hoc 
analysis comparing each exercise task revealed that the T2 values at 
task 2 was significantly increased compared with task 3 at 4 and 5 
sets (Table 4). In addition, the T2 values of all tasks were significantly 
increased after exercise.
For the posterior segment of the GMED, Bonferroni post hoc 
analysis comparing each task revealed that task 3 was significantly 
higher than task 1 after all exercise sets, and was significantly higher 
than task 2 after 2, 3, 4, and 5 sets (Table 6). In addition, the T2 values 
of all tasks were significantly increased after exercise (Table 6).
For the UGM, Bonferroni post hoc analysis comparing each task 
revealed that task 3 was significantly higher than task 1 after 5 sets and 
was significantly higher than task 2 after 4 sets and 5 sets (Table 7). In 
addition, only the T2 values of task 3 were significantly increased after 
exercise (Table 7).
Table 6. Comparison of the T2 values of the posterior segment of the GMED (mean (SD), ms) according to exercise task and exercise set.
Pre-exercise 1 set 2 sets 3 sets 4 sets 5 sets Multiple comparisons 
(exercise set)
Task 1 34.8 (1.4) 36.6 (2.1) 37.1 (1.8) 37.1 (1.8) 37.2 (2.1) 37.1 (1.6) Pre-exercise<3, 4, 5 sets*
Task 2 35.5 (2.1) 36.7 (1.5) 37.1 (1.5) 37.1 (1.5) 37.5 (1.0) 37.6 (1.9) Pre-exercise<4 set†





n.s. Task 3>Task 1** Task 3>Tasks 1, 2†† Task 3>Tasks 1, 2‡‡ Task 3>Tasks 1, 2§§ Task 3>Tasks 1, 2***
Multiple comparisons (exercise set): the result of comparing the T2 values of each exercise set at each exercise task using Bonferroni post hoc analysis
Multiple comparisons (exercise task): the result of comparing the T2 values of each exercise task at each exercise set using Bonferroni post hoc analysis.
*p=0.043, 0.023, 0.020, respectively; †p=0.045 ‡p=0.009, 0.000, 0.001, 0.001, 0.000, respectively; §p=0.006; **p=0.020; ††p=0.009, 0.004, respectively; ‡‡ p=0.017, 0.000, respectively; 
§§p=0.009, 0.001, respectively; ***p=0.002, 0.002, respectively
Table 7. Comparison of the T2 values of the UGM (mean (SD), ms) according to exercise task and exercise set.
Pre-exercise 1 set 2 sets 3 sets 4 sets 5 sets Multiple comparisons (exercise set)
Task 1 37.4 (1.4) 38.1 (1.2) 38.4 (1.4) 38.5 (1.2) 38.6 (1.2) 38.1 (1.1) n.s.
Task 2 38.0 (2.0) 38.4 (1.4) 38.6 (1.9) 38.6 (1.7) 38.8 (1.5) 38.5 (2.0) n.s.
Task 3 37.2 (1.6) 38.8 (1.4) 39.3 (1.4) 40.1 (1.4) 40.6 (1.5) 40.3 (1.0) Pre-exercise<2, 3, 4, 5 sets*





n.s. n.s. n.s. n.s. Task 3>Task 2§ Task 3>Tasks 1, 2**
Multiple comparisons (exercise set): the result of comparing the T2 values of each exercise set at each exercise task using Bonferroni post hoc analysis
Multiple comparisons (exercise task): the result of comparing the T2 values of each exercise task at each exercise set using Bonferroni post hoc analysis.
*p=0.000, 0.001, 0.001, 0.000, respectively; †p=0.040, 0.016, 0.000, respectively; ‡p=0.045; §p=0.043; **p=0.013, 0.025, respectively.
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Discussion
In this study, the T2 values of the hip abductors increased with an 
increasing load of exercise. The results of this study demonstrated that 
the T2 values could be used to assess muscle activity. Many factors could 
contribute to the changes in T2, including increases in intracellular 
and extracellular water content, accumulation of diamagnetic ions 
(e.g., lactate, phosphate, and sodium), and a decrease in pH [40, 41]. 
T2 shift measures provide a powerful technique to assess muscle 
function during specific exercise/rehabilitation protocols [37]. The 
muscle activation data evaluated using the T2 values associated with 
exercise in the present study were consistent with those in a previous 
study caused by the factors described above. Our results demonstrated 
that the hip abductor muscles were activated differently between the 
side-lying hip abduction exercise variations examined.
The T2 values of the TFL in all tasks were increased over time, 
and no significant difference was found between each task. The TFL is 
located in the superficial layer [15], and its primary role is abduction 
of the hip joint as well as flexion and internal rotation [17, 42]. 
Gottschalk et al.[17] proposed in their muscle modeling studies that 
the main function of the TFL is hip abduction. Sidorkewicz et al.[43] 
found that the activity of the TFL does not vary significantly during 
hip abduction exercise with neutral hip and internal and external 
rotations, which was in agreement with our findings.
The T2 values of the GMIN in all tasks were increased over time, 
and no significant difference was found between each task. The GMIN 
is located in the deepest layer, and its muscle belly adheres directly to 
the superior joint capsule [44], which enables this muscle to augment 
and protect joint stability [44, 45]. Based on anatomic and EMG studies, 
the primary function of the entire GMIN is to stabilize the head of the 
femur in the acetabulum [17]. Therefore, the GMIN was activated in 
all tasks to stabilize the head of the femur in the acetabulum during 
exercise because of its anatomical structure and function.
No significant difference was found between the tasks in the T2 of 
the middle segments of the GMED; this result is probably attributable 
to its anatomical structure. Middle fascicles have been reported to 
be more vertically oriented, which appears to be a better position to 
abduct the hip [1]. Therefore, it is suggested that the middle segment 
of the GMED contracts due to the element of hip abduction of the 
exercise task performed in this study.
The activity of the anterior segments of the GMED was increased in 
all tasks over time. Additionally, the T2 values of the anterior segment 
of the GMED were increased in task 2 compared to those in task 3. 
On the other hand, the activity of the posterior segment of the GMED 
in task 3 was increased immediately, and the T2 values in task 3 were 
increased compared to those in other tasks. Our results appear to reflect 
the concept in which task-dependent activation differences of various 
segments of the GMED indicate a functional subdivision within the 
muscle. Cadaveric and anatomical studies suggest that the GMED 
comprises three structurally unique regions (anterior, middle, and 
posterior) [18,46–48], the activity of which may be independent of the 
central nervous system control [18,19]. The patterns of orientation and 
insertion of the anterior and posterior portions of the gluteus medius 
appear to reflect their probable role in internal and external rotations, 
respectively, and are in line with the findings of EMG studies [1,16]. 
Semciw et al. [49] studied the activity of each segment of the GMED 
during hip exercise and demonstrated using fine-wire EMG that 
muscle activation in the posterior GMED during the clam maneuver 
is higher than that in other segments of GMED. Hip movement of the 
clam maneuver is abduction with extension and external rotation, and 
side-lying hip abduction with extension and external rotation in the 
current study is similar to the clam maneuver. Therefore, the current 
study showed that the activity of the anterior and posterior segments 
of the GMED was in agreement with a previous research. O’Sullivan 
et al.[50] noted that the presence of these subdivisions may require 
exposure of the degree of muscle activity for each subdivision during 
a variety of clinically used strengthening exercises. Therefore, given 
these results, we suggest performing side-lying hip abduction with 
extension and external rotations as an effective method to activate the 
posterior segment of the GMED. 
The T2 values of the UGM were increased in task 3 compared to 
those in other tasks, similar to the posterior segment of the GMED. 
The UGM is located in the superficial layer [15], and because of its 
anatomical structure, its primary role is abduction of the hip joint as well 
as extension and external rotation [42]. Our findings are in agreement 
with those of Selkowitz et al.[51] who reported that the superior 
gluteus maximus EMG activity is greater than the incorporated hip 
abduction and/or external rotation movements. Thus, the results of 
the T2 values in the UGM showed that side-lying hip abduction with 
external rotation and extension activated compared with the side-
lying hip abduction with neutral hip or internal rotation and flexion. 
This study has several limitations. First, real-time muscle activity 
during exercise could not be evaluated using the T2 values. However, 
in this study, the T2 values were measured immediately after exercise. 
Thus, interpretation of the change in the T2 values is related to all 
the work performed by the muscle and not just to a single activity. 
An exercise-induced shift in T2 is detectable after a few as two 
contractions and increases to a work-rate-dependent plateau within 
a few minutes [40]. Recovery after exercise takes at least 20 min [52], 
which should have enabled us to measure exercise-induced shifts in 
T2 after exercise. Second, this study did not evaluate muscle activity 
using EMG. Even if there was no significant change in the intensity of 
the MRI signal, the work of the muscle may possibly be observed on 
EMG. Third, as the exercise load increases, a synergistic contraction 
of other hip joint muscles exists during hip abduction exercise, but the 
T2 values of other hip joint muscles were not measured. In addition, 
the exercise task had only 3 conditions, and the variation of other hip 
abduction motion was not considered. However, this study confirmed 
the movement of free water inside and outside of muscle cells when 
the activity level increased in the hip abductor muscles. The results 
of our study suggest that the variation in changes in activity observed 
between the hip abductor muscles was attributable to the differences in 
their anatomic structure and was indicative of intramuscular variation 
of activity within the hip abductor muscles.
Hip-focused neuromuscular exercise interventions have gained 
considerable attention for addressing a myriad of lower extremity 
injuries [53]. Deficits in proximal hip strength or neuromuscular 
control may lead to lower extremity valgus [9]. Dynamic lower 
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extremity valgus is operationally defined as a combination of motions 
and rotations in the lower extremity, including hip adduction and 
internal rotation, knee abduction, and tibial external rotation [8]. 
Therefore, the posterolateral hip musculature has hip abduction 
and external rotation, play a central role in controlling the dynamic 
alignment of the lower extremity. The current study demonstrated 
that posterolateral hip musculature, such as the posterior segment of 
the GMED and UGM, was activated during side-lying hip abduction 
with extension and external rotation. Thus, this knowledge will allow 
physical therapists to develop specific and targeted rehabilitation 
programs for these muscles and clinical condition. However, this 
suggestion needs validation through further research involving 
people with lower extremity conditions. Whether activation of the 
posterior segment of the GMED and UGM could improve lower limb 
kinematics and athletic performance should also be validated.
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